Introduction
Blood-borne non-A, non-B (NANB) hepatitis remains a major risk in blood or clotting factor transfusion (Alter et al., 1982) . Currently, in various regions of the world, more than 90~ of post-transfusion hepatitis cases are due to the NANB hepatitis virus (Bradley & Maynard, 1986 , Sherlock, 1986 Thomas, 1987) . It is generally accepted that blood-borne NANB hepatitis is caused by at least two agents (Yoshizawa et aL, 1981 (Yoshizawa et aL, , 1982 Bradley et al., 1983 Bradley et al., , 1985 . The first, so-called tubule-forming agent, has recently been cloned from the plasma of experimentally infected chimpanzees and provisionally designated as the hepatitis C virus (HCV) (Choo et al., 1989) . A system has been developed to detect the antibody (anti-HCV) to this protein expressed in recombinant yeast . Using this assay system, 71 ~ of sera from patients suffering from chronic post-transfusion NANB hepatitis and 58~ of sera from patients with chronic sporadic (community-acquired) NANB hepatitis in the United States were positive for anti-HCV . Patients who remain negative for anti-HCV may be infected with a second agent, which is still unidentified. 
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In a series of post-transfusion NANB hepatitis experiments, we demonstrated, by using monoclonal antibodies, that p44 may be a component of the microtubular aggregates which are the only established marker of NANB hepatitis in experimentally infected chimpanzee hepatocytes (Krawczynski et al., 1985; Shimizu et al., 1979 Shimizu et al., , 1985 Shimizu et al., , 1986 Maeda et al., 1989) . Although p44 was also found in a hepatitis delta virus (HDV)-infected chimpanzee liver, it was not found in normal chimpanzee hepatocytes or in those infected by hepatitis A virus or hepatitis B virus (HBV) (Shimizu et al., 1986 (Shimizu et al., , 1987 .
We isolated and purified p44 from experimentally inoculated chimpanzee livers (Honda et al., 1990) , but the limited amount of starting material, and the highly hydrophobic nature of p44, gave us an insufficient yield of pure p44 to use the usual methods of biochemical characterization of the protein. We therefore isolated p44 mRNA by preparing a cDNA library from mRNAs of NANB-infected chimpanzee hepatocytes and then screening the library using a 1 ~Si_labelled mouse anti-p44 monoclonal antibody.
We describe herein the cloning and the nucleotide sequencing of the cDNA encoding p44. We show that a single gene encoding p44 is present in the chimpanzee, and that related sequences occur in human DNA. The p44 mRNA was found at lower levels in an HBV-infected chimpanzee liver. We also describe the characterization of the deduced protein structure of p44.
Methods
Enzymes and chemicals. Reagents were obtained as follows: [a-32p] Construction and screening of the cDNA library. The total RNA content from a chimpanzee with NANB hepatitis was isolated from hepatocytes by extraction with guanidinium isothiocyanate and purified by centrifugation to equilibrium in caesium chloride. Poly(A) + RNA was selected by oligo(dT)-cellulose chromatography (Maniatis et al., 1982) , and cDNA was prepared by the method of Gubler & Hoffman (1983) . The cDNA was ligated into the EeoRI cloning site of ~gtl 1, packaged in vitro and plated with E. coli Y 1090. It yielded a cDNA library containing about 2 x 107 recombinants.
The library was screened for antigen-producing clones using the ~ :5I-labelled anti-p44 mouse monoclonal antibody, M 17 (Maeda et al., 1989) essentially as described by Young & Davis (1983) . About 106 p.f.u, of ~tgtl 1 recombinants were plated on E. coliY 1090 in square dishes (24.5 x 24.5 cm, Nunc 240835). Plates were incubated for 3.5 h at 42 °C, to allow lysis to occur, and 10 mM-isopropyl-fl-D-thiogalactopyranoside (IPTG)-saturated nitrocellulose filters (BA83; Schleicher & Schuell) were laid on the plates and marked with a needle. After a 2 h incubation at 37 °C, the filters were removed from the plates, the plates were again overlaid with IPTG-saturated nitrocellulose filters, incubated for a further 2 h at 37 °C and finally the second filters were removed from the plates. Plates were stored at 4 °C until the results were obtained.
Filters were washed three times with Tris-buffered saline (TBS; 20 mM-Tris-HCl, 140 mM-NaCI pH 7.4) and soaked with TBS containing 10% foetal calf serum (TBSF) for 1 h at room temperature. The M17 antibody was labelled by the chloramine-T method (185 to 740 kBq/gg). The transferred filters were reacted for 2 h at room temperature with TBSF containing 106 c.p.m./ml of the 125I-labelled M17 antibody. They were then washed three times, for 10min each time, with washing buffer (20mM-Tris-HC1, 140mM-NaCI, 2mM-disodium EDTA, 0-05% Tween-20 pH 7.4). The filters were dried and autoradiographed with X-Omat AR film (Eastman Kodak). Clone 2CL-1, 639 bases long, was obtained and used as a probe to search for a full-length clone.
For construction of the Okayama-Berg cDNA library (Okayama & Berg, 1983) , H B 101 cells were used. Transformed HB 101 mixtures were poured onto 82 mm nitrocellulose filters (BA85; Schleicher & SchueU) which had been previously placed on plates of LB-agar containing 50 gg/ml of ampicillin. Plates were incubated at 32 °C until small (0.5 ram) colonies appeared. The nitrocellulose filters were peeled off and laid on Whatman 3MM paper sheets to blot excess liquid. New nitrocellulose filters were applied to the master filters, pressed evenly against them and marked with a needle. Two replicas were made from one master filter. Filters were pulled apart and were placed, colonies up, on fresh LB plates and incubated for 1 to 2 h at 37 °C. Then, all the replica filters were replaced on LB plates containing 180 gg/ml of chloramphenicol, and incubated overnight at 37 °C. Master plates were stored at 4 °C until hybridizations were completed and the results obtained.
Replica filters were replaced on a piece of Whatman 3MM paper, previously soaked with 0.1 M-NaOH containing 1.5 M-NaCI, for 20 s. This was repeated once on a new piece of soaked paper, and the filters were air-dried. Then the filters were neutralized twice with 2 × SSCP (10 × SSCP is 0-12 M-NaC1, 13 mM-H2PO4, 15 mn-sodium citrate, 1 mM-EDTA) containing 0.2 M-Tris-HCI pH 7.4, in the same manner as the NaOH treatment. Filters were dried at room temperature, baked at 80°C for 2h, washed twice in 3 x SSC (SSC is 0.15M-NaC1, 15 raM-sodium citrate) containing 0-1 ~o SDS for 15 min to remove debris, washed for 1 h in 10 × Denhardt's solution (50 x Denhardt's solution contains 1 ~ Ficoll, 1 ~ polyvinylpyrrolidone, 1 ~ bovin serum albumin) containing 3 × SSC at 65 °C and washed for a further hour in 1 × Solution A (2 x Solution A is 0.1 M-Tris-HC1 pH 7.8, 20 mM-EDTA, 2 M-NaCI, 20 × Denhardt's solution) containing 0.1% SDS at 65 °C. The probe was labelled with [~-32p]dCTP, using DNA polymerase I, by nick translation (Maniatis et al., 1982) . Hybridization conditions were 1 x Solution A, 0.1% SDS, and 250 gg/ml of boiled salmon sperm DNA at 65 °C for 18 h. The clone carrying the longest cDNA was designated pCDVCL-I.
RNA gel electrophoresis and Northern blot hybridization.
Ten micrograms of glyoxylated poly(A) ÷ RNA was resolved on a 1.0% agarose gel, and a nylon membrane (Biodyne; Pall) blot was prepared, as described by Thomas (1980) , at 42 °C in buffer containing 50% (v/v) formamide. The blot was washed at 50 °C and autoradiography was performed at -80 °C using an intensifying screen and X-Omat film.
Southern blot ofgenomic DNA. Both normal chimpanzee and human DNAs were prepared as described by Maniatis et al. (1982) . EcoRIand HindllI-digested DNA (10 gg) was separated on a 0.7% agarose gel. The gel was transferred to a GeneScreen-Plus membrane (Du Pont NEN Research Products), and hybridized for 18 h at 60 °C in 1 M-NaC1 containing 1% SDS and 250 gg/ml of salmon sperm DNA. The blot was washed in 2 × SSC containing 0-1% SDS at 65 °C for 10 min, and this was followed by two washes, for 10 min each, in 0.1 x SSC containing 0.1% SDS at 65°C. The filter was then subjected to autoradiography at -80 °C using X-Omat film with an intensifying screen.
DNA sequencing and analysis. The complete sequence of p44 was determined by the dideoxynucleotide chain termination method (Sanger et al., 1977) . Regions of uncertainty were confirmed by the Maxam-Gilbert method (Maxam & Gilbert, 1980) . Computer-based analysis of the sequence information was carried out using DNASIS (Hitachi Software Engineering).
Expression of p44. The expression vector pUSI2AH, a derivative of pUSI2 (Shibui et al., 1988) , and JM 109 competent cells (Takara Shuzo) were used. In pUSI2AH, a HindlII site was introduced between the ribosome binding site and the ATG start codon of pUSI2 (i.e. AGGAGGAAGCTTATG) to facilitate the further cloning and expression of a target gene. Plasmid pCV3,4 was constructed from pCDVCL-1 by oligonucleotide-directed site-specific mutagenesis to introduce HindlIl and Bglll sites at the 5' and 3' ends of the p44 coding region, respectively. A 1.2 kb HindlII-BgllI fragment was excised from pCV44, and inserted between the HindlII and BgllI sites of pUSI2AH, to construct the expression vector pCZ44. E. coil JM109 harbouring pCZ44 was grown overnight in B broth (10g Bacto peptone, 5 g NaCI, 0.01% thiamine, 11 distilled water) containing 40 gg/ml of ampicillin. An aliquot of the culture was diluted in fresh medium. After a 3 h incubation at 30 °C with shaking (A6o 0 approx. 1.0), a 1/50 volume of 0-1 M-IPTG was added to the medium, and incubation was performed for 3 h at 30 °C before harvesting.
Western blot analysis. For protein analysis, aliquots ofE. coli lysates were separated in 10~ polyacrylamide gels according to the procedure of Laemmii (i 970). Western blot analysis was carried out essentially as described previously (Towbin et al., 1979). The transferred sheet was treated for 1 h at room temperature with blocking buffer (phosphatebuffered saline containing 5 % skimmed milk) and then reacted for 2 h at room temperature with blocking buffer containing 20 gg/ml of the mouse monoclonal antibody, M17. The filter was then washed four times with washing buffer for 10 min each time. The washed sheet was reacted with a 1:500 dilution of horseradish peroxidase-conjugated goat anti-mouse IgG (Cooper Biomedical) at 4 °C overnight. After washing four times with washing buffer, immunoreactivity was detected using 4-chloro-l-naphthol and hydrogen peroxide. Phage DNA from 2CL-1 was purified and digested with EcoRI. We obtained two cDNA inserts which were, respectively, 290 and 349 bp in length. Each of these cDNA inserts was independently subcloned into the plasmid vector pUC18. The nucleotide sequences of these two fragments were determined by the dideoxynucleotide chain termination method (Fig. 1, Table 1 Residues are numbered from the N to the C terminus. Chou & Fasman-predicted (1974a , b, 1978 c~-helix and fl-turns are also indicated.
Results

Screening
the amino acid sequence deduced from the longest open reading frame of 2CL-1, which was connected to both inserts as shown in Fig. 1 . However, based on a putative Mr of 44000 for p44, this clone accounted for only about half of the coding sequence.
Assembly of cDNA clones to obtain the complete nucleotide sequence of p44
To isolate full-length cDNA clones, a new cDNA library was prepared by the method of Okayama & Berg (1983) using mRNA isolated from the liver of a NANB-infected chimpanzee. About 5 × 105 clones were screened with the two 3zp-labelled inserts of the ~ICL-1 clone and three positive clones were obtained. We selected pCDVCL-1, which carried the longest cDNA insert of the three, and fully characterized this clone.
The nucleotide sequence of the p44 coding region is shown in Fig. 1 (GenBank accession number: D90034). The first ATG translation initiation codon, defined as position 1, was preceded by a 5' untranslated region of at least 54 bases, followed by a 1332 bp open reading frame producing a polypeptide of 444 amino acids with a calculated Mr of 50468. However, since the reading frame is open upstream of the first ATG codon, it is possible that translation is initiated further upstream, beyond the boundary of the clone. Nevertheless, as the seven base sequence AGTATGG at the first ATG codon within the clone is the favoured pattern among eukaryotic initiation sequences (Kozak, 1986) , this triplet is proposed to be the initiation codon. The termination codon at position 1333 defined a 3' untranslated region of 276 bp that included the consensus polyadenylation signal AATAAA, at position 1574, and a poly(A) tail. All five peptide sequences were confirmed and three potential N-linked glycosylation sites (Asn-X-Ser/Thr) were found at residues 138, 223 and 391 (Fig. 1) .
When the deduced amino acid sequence was subjected to hydropathic profiling (Kyte & Doolittle, 1982) and secondary structure (Chou & Fasman, 1974a , b, 1978 analyses, it showed the presence of 10 hydrophilic segments and an a-helix-rich structure (Fig. 2) . Consistent with the hydropathy plot, the predicted p44 amino acid sequence included 46.2~ non-polar amino acids, with leucine (11.5 ~o) and isoleucine (8.3 ~) being the most abundant amino acids in the sequence (Table  1) . A homology search against the NBRF and PRF databases indicated that p44 did not resemble any known protein.
RNA and DNA blot analysis using pCDVCL-1 probe
To confirm previous results, obtained with immunofluorescence tests, which showed that p44 was specifically associated with NANB-and HDV-infected chimpanzee hepatocytes, the Northern blot analysis shown in Fig. 3 was performed. As expected, a 1.9 kb band was detected in NANB-and HDV-infected chimpanzee poly(A) + RNA, and only a faint band was observed in mRNA from an HBV-infected chimpanzee. No band was demonstrated in normal chimpanzee poly(A) ÷ RNA. Densitometric analysis of the blot revealed that the levels of p44 mRNA in the NANB-and HDV-infected livers were respectively 99-and 16-fold greater than in the HBV-infected liver. A band of around 5 kb in lane 4 may correspond to the precursor form of the p44 mRNAs.
Next, to examine whether p44 originated from the virus or the host, a DNA blot analysis was performed. . RNA, in amounts of 10~tg, was subjected to electrophoresis and transferred to a nylon membrane. The RNA size markers used were human 28S (5-1 kb) and 18S (2-0 kb) rRNA.
S o u t h e r n b l o t a n a l y s i s r e v e a l e d t h a t p 4 4 w a s a h o s tc o d e d p r o t e i n , a n d t h a t r e l a t e d s e q u e n c e s e x i s t e d in h u m a n D N A (Fig. 4) .
T h e c o m b i n e d r e s u l t s o f N o r t h e r n a n d S o u t h e r n b l o t Extracts prepared from IPTGtreated J M 109 harbouring pC Z44 (lanes 1) and from untreated JM 109 harbouring pCZ44 (lanes 2) were subjected to (a) 12.5~ SDS-PAGE followed by (b) Western blot analysis. The gels were either stained with Coomassie blue or electrophoreticaUy transferred to a nitrocellulose membrane where they were reacted with anti-p44 mouse monoclonal antibody followed by peroxidase-conjugated anti-mouse lgG.
Expression of p44 in bacteria
induction when analysed by SDS-PAGE (Fig. 5) . To confirm the production of p44 in E. coli, Western blot analysis was carried out using the anti-p44 monoclonal antibody, M17. The results demonstrated that two minor bands were produced in addition to the 44K band (Fig.  5) . To determine the amino acid sequences, the 44K and 35.5K bands were excised from the SDS-polyacrylamide gels and the proteins were electrophoretically eluted and purified. N-terminal amino acid sequence analysis revealed that the 44K band contained p44 lacking the N-terminal methionine residue, and that the 35.5K band contained protein translated from the second ATG at positions 373 to 375 (Fig. 1) . Amino acid analysis also confirmed that the 44K protein was an almost full-length product of the p44 gene (data not shown).
D i s c u s s i o n
The gene encoding an NANB-associated microtubular aggregates antigen, p44, has been molecularly cloned and the gene and encoded antigen have been sequenced. The results presented in this report show that p44 is a hostcoded protein and is specifically induced during NANB or HDV infection (Fig. 3) . Molecular hybridization analysis has indicated that a homologous gene is located in the human genome (Fig. 4) . No significant amino acid sequence similarity was found using a computerized search (Korn et al., 1977) , between p44 and other proteins known so far.
Nucleotide sequence analysis of the pCDVCL-1 clone revealed an open reading frame of 1332 nucleotides which could encode a polypeptide of 444 amino acids, with a calculated Mr of 50468. The predicted amino acid sequence of the peptide from pCDVCL-1 matched the sequences of isolated lysyl endopeptidase-cleaved peptides (Honda et al., 1990) . The predicted Mr is considerably larger than the apparent Mr of 44000, estimated from previous Western blot analysis (Honda et al., 1990) . However, SDS-PAGE and Western blot analysis revealed that the recombinant p44 had an apparent Mr of 44000 (Fig. 5) . As the calculated Mr of p35"5, which was 36290, was in good agreement with the estimation of 35500 from SDS-PAGE, the 124 N-terminal amino acids appear to play a role in accelerating the mobility of p44 in SDS-polyacrylamide gels.
Although three potential sites for N-linked glycosylation were found, p44 may not be a glycoprotein, because recombinant p44 expressed in bacteria has an apparent Mr of 44000 (Fig. 5) . The hydropathy profile (Kyte & Doolittle, 1982) of the p44 antigen showed that hydrophilic and hydrophobic regions alternate throughout the protein with no large concentrations of either (Fig. 2) . Chou-Fasman prediction (Chou & Fasman, 1974a , b, 1978 suggests that the secondary structure of p44 is a-helix-rich (Fig. 2) . In addition, the characteristic amino acid composition of p44, including the high leucine and isoleucine content, may support the idea that p44 tends to aggregate to form microtubular structures.
We have succeeded in expressing recombinant p44 in bacteria. Consistent with the deduced specificity of E. coli methionine aminopeptidase (Tsunasawa et al., 1985) , a methionine residue from the amino-terminal end of the recombinant p44 was removed, whereas that of p35.5 was not. However, it is obvious that these recombinant proteins are useful materials for the establishment of a p44 antigen/antibody assay system because antigenicity was confirmed by Western blot analysis (Fig. 5 ). It will be of particular interest to determine the significance of p44 in the diagnosis and pathogenesis of NANB and HDV using the recombinant protein. The biological role of this protein and its relationship to NANB and delta hepatitis await further analysis.
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